Flux rates of amino acids were measured across the leg after an overnight fast in resting human volunteers. A balanced amino acid solution was, after a primed infusion, continuously infused for 2 h at each of three step-wise and increasing rates corresponding to 8.3, 16.7, 33.2 mg N/kg per h that were equivalent to 0.2, 0.4, 0.8 g N/kg per d. Flux of amino acids across the leg was compared with the flux of glucose, glycerol, lactate, free fatty acids, and oxygen. The size of the muscular tissue pool of amino acids was measured. Whole body amino acid oxidation was estimated by means of the continuous infusion of a 14C-labeled mixture of amino acids. Arterial steady state levels were obtained for most amino acids within 30 to 45 min after the primed constant infusion. Leg flux of amino acids switched from a net efflux after an overnight fast to a balanced flux between infusion rates corresponding to 0.2-0.4 g N/kg per d. At 0.8 g N/kg per d essentially all amino acids showed uptake. The infusion of amino acids stimulated leg uptake of glucose and lactate production and decreased FFA release. Oxygen uptake and leg blood flow increased significantly with increased infusion of amino acids. There was significant variability in transport rate among individual amino acids. Branched chain amino acids […] Research Article
Introduction
We have recently reported that malnourished patients with and without cancer, who received nasogastric tube feeding, were in positive energy and nitrogen balance (1) . However, even after a 2-wk period of enteral nutrition we found that most patients remained in negative amino acid balance across the leg even in the fed state, in spite ofthe fact that the balance of glucose and FFA across the leg indicated a positive energy balance (2) . Such results emphasize a discrepancy between energy and protein balance in peripheral tissues during clinical nutrition as well as between whole body nitrogen balance and amino nitrogen balance in some peripheral compartments.
Although these studies were carried out on hospitalized patients (but not bedridden), such observations inevitably raise questions whether conventional nutritional therapy is insufficient to maintain and replenish lean body mass. Conversely, the results may indicate a more general deficiency in resynthesizing skeletal muscle proteins in malnourished patients which is perhaps related to the underlying disease. Irrespective, prior results show that such patients cannot improve lean body mass on a feeding therapy that is supposed by medical practice to be sufficient for resynthesis of lean tissues. Our observation may partly explain why nutritional support to hospitalized patients often fails to increase lean body mass, but not the replenishment of subcutaneous fat.
Modern artificial nutrition must be able to support the resynthesis of peripheral tissue proteins, particularly skeletal muscles. The most simple prerequisite of this is a positive amino acid balance. Therefore, the purpose of this study was to examine kinetics of amino acids and regulating factors for positive amino acid balance across resting peripheral tissues. For this purpose, the human leg has been used, which contains a considerable portion of the lean body mass in the body.
Methods
Patients. 1 I healthy males without medication or a history of diabetes were investigated before surgery for uncomplicated inguinal hernia. They had all been weight stable for at least 1 yr before the examinations. Their body weight was 79±3 kg and height 179±3 cm. Body weight index was 1.02±0.04. Body potassium was 3,650±200 mmol and body potassium index 0.96±0.04. Plasma albumin was 40±3 g/ liter, triceps skinfold 8.7±0.7 mm, and mid-arm circumference was 30 .1±0.9 cm. All patients had normal body temperature. We regard these patients as healthy volunteers. They all had normal hemoglobin concentration (153±4 g/liter), sedimentation rate oferythrocytes (7±1 uals and the study protocol was approved by the Ethical Committee, University of Gothenburg.
Investigative procedures. All metabolic studies started in the morning after an overnight fast ( 12-14 h) with the patients at rest in the bed. Flux ofamino acids, glucose, glycerol, lactate, and FFA were measured in relationship to oxygen uptake across the leg in the fasted state in eight of the volunteers. Catheters were inserted in the radial artery and in the femoral vein 1 h before the start of the investigation. The patency of the catheter was achieved by injections of saline after blood sampling. A balanced solution ofamino acids (Vamin N; KabiVitrum, Stockholm, Sweden) was then infused as a primed constant infusion at rates corresponding to 0.2, 0.4, and 0.8 g N/kg per d for 2 h at each level. The infusion started with a monoexponentially primed infusion as described by DeFronzo (3) for insulin infusion to rapidly reach stable arterial levels of amino acids (Fig. 1) . The arterio-venous (A-V)' difference of amino acids was measured during the last 15-min period of2 h at each steady state level (4) . Leg blood flow was measured at rest and at each infusion level by a strain-gauge plethysmograph (2) . Flux is determined as the A-V difference multiplied by blood flow. Blood flow values (milliliters per minute per 100 ml) were converted to milliliters per minute per 100 g leg tissue assuming that leg tissue has a specific activity close to one (1, 2) . This conversion is useful when comparing leg metabolism with whole body metabolism.
At the highest level of infusion (0.8 g N/kg per d) blood flow was also measured in five patients by the cardio-green dilution technique as described by Jorfeldt and Wahren (5) . An additional three volunteers were subjected to a step-wise infusion with the amino acid solution labeled with a mixture of "C-amino acids of known specific radioactivity. These individuals were infused according to the same protocol as used for the other eight volunteers but flux measurements were done only at the infusion rate of 0.8 g N/kg per d. Simultaneously, whole body energy expenditure was measured and expired '4CO2 was trapped in potassium hydroxide (0.72 mol/liter) over 30 min as described elsewhere (6) . The percentage oxidation of the infused labeled amino acid solution was measured from the appearance of radioactivity in the expired carbon dioxide and measured as described for the oxidation rate of tyrosine (6) , assuming that 18% of the labeled carbon dioxide was retained in the bicarbonate pool. Muscle needle biopsies (quadriceps) were taken before and during infusions in five ofthe eight volunteers during step-wise increased infusion. The tissue content of free amino acids was measured after extraction of the free amino acids by methanol.
Biochemical measurements. Whole blood was immediately precipitated by perchloric acid at a final concentration of 1.4 mol/liter. Proteins were discarded after centrifugation. The supernatant was neutralized to pH 7.4 by the addition of 3.6 mol/liter potassium hydroxide. The amino acids were separated by means of high pressure liquid chromatography using a C,8 gm Bonda-pak column and precolumn derivatization of amino acids with O-phthalaldehyde in an automatic sample injector (7) . Eight samples were run over night with a standard before and after each fourth sample. Parafluorophenylalanine (P-PHE) was used as the internal standard in each sample. P-PHE was added in a known concentration to each sample ofwhole blood before precipitation and correction with regard to all the amino acids in blood was done. The area under the curve ofthe amino acids was integrated using an automatic computer procedure (Waters Assoc., Div. of Millipore Corp., Milford, MA). According to a chromatogram of all standard amino acids of known concentration, the coefficient of variation for measurements each day of the standard amino acid (P-PHE) over six following weeks was 4.1±0.2% based on 47 chromatograms. When 10 standards were analyzed consecutively the variation coefficient was between 2 and 4% in repeated experiments.
Derivatization with O-phthalaldehyde does not give any derivate of secondary amines. Therefore, values of proline are not obtained. In 1. Abbreviations used in this paper: A-V, arterio-venous; P-PHE, parafluorophenylalanine. 
Results
Arterial concentrations of the sum of all amino acids reached stable values between 30 and 45 min after the start of the primed constant infusion, as shown in Fig. 1 . Most of the individual amino acids showed similar kinetics as the sum of all amino acids (results not shown). It was therefore assumed that all samples were taken at steady state levels between 1 15 and 120 min after the start of constant infusion. Table I summarizes the mean arterial concentration of individual amino acids at fasting and at steady state levels during infusion. The concentration of most amino acids increased significantly when compared with the concentration at the preceeding steady state level. Glutamine, arginine, asparagine, and ornithine did not show such a step-wise increase. Of these four amino acids, only arginine was infused. Table II summarizes the A-V difference and flux rates across the leg of individual amino acids at fasting and during infusion at steady state. Alanine and glutamine accounted for 70% of the amino nitrogen that was released at fast. Glutamic acid was taken up and ornithine was at balance during the fast. All the other amino acids were released to a significant extent at fast. The infusion of 0. Table III summarizes insulin levels, oxygen uptake, and blood flow in relationship to arterial concentrations and bal- Table IV . The muscle free pool of all amino acids was unchanged in spite of 6 h infusion of amino acids. However, the pool of valine, leucine, isoleucine, phenylalanine, and methionine increased significantly, while that of taurine decreased in five of six patients. The pool of methionine increased, although the change in flux rate across the leg was not statistically significant. Considering the net efflux of amino acids in the fasting state, the time required to decrease the pool size of individual amino acids to zero levels was calculated, provided that the pool was not replenished from net degradation of proteins. Such calculations are shown in Table  V . The phenylalanine and methionine pool have the shortest turnover time, in the range of 3 h, while glutamine had 47 h and serine 123 h turnover.
In Fig. 2 the relationship between the arterial concentration and the balance ofbranched chain amino acids are shown. The branched chain amino acids together represented the major component of amino nitrogen uptake. The flux of individual amino acids was, therefore, compared with that of the branched chain amino acids. The slopes for uptake of individual amino acids are shown in Table VI . The slopes were calculated by fitting the data to linear regressions which were tested by analyses of variance. The coefficient of the slopes were then compared statistically as a measure of uptake rate versus the arterial concentration of the amino acid. Lysine and serine had a significantly more rapid uptake than the branched chain amino acids together. Tyrosine, phenylalanine, methionine, histidine, and threonine-glycine had slower uptake. The arterial concentration for zero balance of the individual amino acids was calculated from the regressions in Table VI 29±5" 85±21" and Lys, 39. The results show that -35% of the infused amino acid nitrogen were taken up in peripheral tissues and that one leg disposal was -6% of the infused amino acids. -685+103"
-6+29" Values of amino acid uptake across the leg were compared with the estimated whole body oxidation of infused amino acids during a constant infusion of radioactive amino acids in three of the subjects (Table VII) . The results show that the immediate oxidation rate of infused amino acid carbons corresponded to -7-10% of the infused amino acids. The regression is given in Table VI The ultimate goal of our experiments is to obtain a clinical model to evaluate regional net protein balance. It is obvious that flux measurements of amino acids across the leg do not necessarily give information on protein balance in acute experiments (11) . Rapid changes in flux may in theory only reflect changes in the intracellular pool of free amino acids (12) . However, seen over time, net balance of amino acids must given predictive information with regard to net protein balance. In a condition of continuous efflux of amino acids, the tissue pool must soon approach a state where amino acid exchanges reflect protein balance. This is illustrated by calculations of the fractional replacement time for the tissue pool of individual amino acids (Table V) . Accounting for the efflux rate of methionine from the leg after an overnight fast, it can be calculated that the intracellular pool of methionine should be near zero value within 3 h if not replenished. In this sense, it can be claimed that the intracellular availability of certain amino acids may under some conditions be limiting for protein synthesis, although it is generally recognized that transport rates or the transport capacity of amino acids in themselves is never limiting for protein synthesis. In this study it was confirmed that the transport capacity was not limiting for amino acid uptake. It has been reported that the tRNA pool of amino acids is fully charged, even in starvation (13) . The complete charging of tRNA in substrate-deficient conditions and Michaelis constant (K.) values in the range of 2-6 ,uM for amino acid acylation oftRNA have been taken to indicate that amino acids are not limiting for protein synthesis ( 14) .
We have reported that the maximum rate ofleucine incorporation into proteins is 50-100 nmol/min per 100 g in incubated human muscle tissue (15) (16) (17) (18) (19) . This value can be compared with the maximum acceptor site (pool-size) for highly purified leucyl-tRNA, which is in the range of 100-120 nmol/100 g tissue weight, whereas the maximum capacity for aminoacyl-tRNA synthetase activity (the enzyme) is -100-fold higher (20) (21) (22) . The above values shall be compared with leucine uptake across the leg, which was 216±25 nmol/min per 100 g at the highest infusion rate (0.8 g N/kg per d, Table  II) . Such values, thus, indicate that flux rate of amino acids in vivo is within the order of magnitude for previously estimated capacity ofprotein synthesis in vitro. Low Km values for tRNA acylation may be important for creating a necessary downhill gradient to promote the intracellular flux of amino acids towards protein synthesis. The intracellular concentration of phenylalanine and methionine will decline within 2 to 4 h (Table V) unless altered protein synthesis and degradation maintain the concentration above Km for tRNA charging. If the intracellular pool is not refilled enough at regular intervals, protein synthesis must be supported by amino acids made available by proteolysis, or protein synthesis will be rapidly decreased. A negative protein balance may thus exist at different levels of protein turnover (23) (24) (25) . This theory does, however, not explain why there should be a concentration threshold for amino acids to be taken up in peripheral tissues. A pull phenomenon due to a down-hill gradient for amino acid uptake across muscle membranes without a threshold phenomenon across the cell membrane could divert amino acids away from vital organs in conditions with low postabsorptive plasma levels of amino acids. If so, the skeletal muscles could be in serious competition with other tissues and their protein synthesis just by means of the size of the skeletal muscle pool. A threshold gradient across the cell membrane may then prevent this situation from occurring and allow amino acids to be taken up in muscles only in the fed situation. A lack of uptake or balance of amino acids may be manyfold, such as substrate availability, hormonal millieu, and low physical activity but the extracellular concentration of amino acids may also be a critical factor (26) . We have no reason to believe that lack of energy was a factor of importance in our present experiments. The individuals were well nourished and assumed to have normal glycogen stores. Besides, the infusion of amino acids increased oxygen consumption and gave a net uptake ofglucose concomitant with increased efflux of lactate. Previous studies have also demonstrated a consistently negative amino acid balance in traumatized and septic patients on intravenous nutrition (27) , and in patients on enteral nutrition (2) . It is, however, obvious that it is possible to obtain a net uptake of amino acids across skeletal muscle in normal individuals simply by increasing the infusion rate of amino acids, which leads to increased arterial levels (Table III [28, 29] ).
It was recently reported that 80% of intravenously infused amino acids are taken up across the splanchnic bed when amino acids were given at a constant rate of 0.2 g amino acids/kg per h (30) . In the present study, the peripheral tissue uptake ofamino acids was estimated to be -35% at our highest infusion rate. The leg disposal of amino acids was 6-8% (30) , which agrees with 6% in our experiments (Table VII) from 2.0 to 2.5 ml/min per 100 g up to 9 ml/min per 100 g. Only insulin, and not blood flow, correlated to the A-V differences of phenylalanine in a simple correlation analysis, although the two together contributed significantly to explain the variation in phenylalanine balance in a multifactorial analysis (Table VIII) . Insulin and blood flow were not interrelated, but insulin and arterial levels of amino acids were (P < 0.05). It has been reported that amino acid uptake by splanchnic and leg tissues is relatively independent of insulin levels (31), although this conclusion was recently questioned (32) . 38% of the variation of phenylalanine balance was thus explained by the arterial concentration alone, while 61% was explained by the three together (P < 0.05). 
